High-resolution grain size and major element geochemical measurements were performed on the marine sediments of Core MD05-2895 to help understand the formation of turbidite sequences. Grain-size results show that these turbidite sediments contain more coarse sediment grains than normal marls. The coarse sediment grains are mostly derived from relict sediments on the Sunda Shelf. Relict sediments are composed mainly of quartz, feldspar, tephra and a few titaniferous or ferruginous heavy minerals. Corresponding to the concentration of these minerals, increases in Si/Al, K/Al, Ti/Al and Fe/Al ratios are observed in the turbidite layers. As all the observed turbidite sequences were deposited during the last glacial, the occurrence of these turbidity events is implied to be closely related to instabilities in sea-level-induced sediment supply. We suggest that deposition of sediment particles from a single turbidity current is usually controlled by a counterbalance between gravity and buoyancy, with the interaction of individual grains being of minor importance. Turbidity currents are probably the most common deep-sea gravity-driven currents in the world's oceans. The occurrence of turbidity activities is usually destructive to submarine cables and oceanographic observation apparatus. Turbidite sequences in sedimentary records are adopted widely to interpret the emergence of abyssal valleys and submarine fans [1][2] [3] , the formation and preservation of offshore hydrocarbons [4, 5] , and even as indicators of paleoclimate [6] [7] [8] . Therefore, the formation mechanisms of turbidites are of broad interest to sedimentologists from a wide range of disciplines. In the last decades, geophysical exploration of the most famous deep-sea turbidite systems, such as the Nile deep-sea fan, the Mississippi fan, and the Amazon fan, has largely enhanced our knowledge about the mechanisms and dynamics of large-scale turbidite system formation [9-13]. However, sequences in such large-scale turbidite systems are often well mixed with each other, such that the separation of a single turbidite layer from the sediments of a large-scale turbidite system is almost unlikely. Recently, laboratory experiments [14, 15] and numerical modeling [16] have been introduced to investigate the formation of a smallscale single turbidite layer. Laboratory experiments and numerical modeling, nevertheless, cannot reproduce natural marine environments, given their spatial extent and duration. On the other hand, real-time observation, albeit the most direct way to study naturally occurring turbidity flows, is almost impossible because the triggering of turbidity activities is difficult to predict and the resulting flows are usually destructive. Therefore, the most feasible way to study the formation of single turbidite layers is to investigate wellpreserved turbidite sequences in marine sediments. Focus is on the recognition of turbidites, as well-preserved turbidite sequences are very rare in marine sediments. The Sunda Shelf, which extends to more than 800 km at
Turbidity currents are probably the most common deep-sea gravity-driven currents in the world's oceans. The occurrence of turbidity activities is usually destructive to submarine cables and oceanographic observation apparatus. Turbidite sequences in sedimentary records are adopted widely to interpret the emergence of abyssal valleys and submarine fans [1] [2] [3] , the formation and preservation of offshore hydrocarbons [4, 5] , and even as indicators of paleoclimate [6] [7] [8] . Therefore, the formation mechanisms of turbidites are of broad interest to sedimentologists from a wide range of disciplines. In the last decades, geophysical exploration of the most famous deep-sea turbidite systems, such as the Nile deep-sea fan, the Mississippi fan, and the Amazon fan, has largely enhanced our knowledge about the mechanisms and dynamics of large-scale turbidite system formation [9] [10] [11] [12] [13] . However, sequences in such large-scale turbidite systems are often well mixed with each other, such that the separation of a single turbidite layer from the sediments of a large-scale turbidite system is almost unlikely. Recently, laboratory experiments [14, 15] and numerical modeling [16] have been introduced to investigate the formation of a smallscale single turbidite layer. Laboratory experiments and numerical modeling, nevertheless, cannot reproduce natural marine environments, given their spatial extent and duration. On the other hand, real-time observation, albeit the most direct way to study naturally occurring turbidity flows, is almost impossible because the triggering of turbidity activities is difficult to predict and the resulting flows are usually destructive. Therefore, the most feasible way to study the formation of single turbidite layers is to investigate wellpreserved turbidite sequences in marine sediments. Focus is on the recognition of turbidites, as well-preserved turbidite sequences are very rare in marine sediments.
The Sunda Shelf, which extends to more than 800 km at its widest, is one of the broadest continental shelves in the world [17] . The land-sea configuration of the Sunda Shelf was therefore dramatically influenced by fluctuations of sea level during the late Pleistocene [18] . During sea-level lowstands, by virtue of the extensive drainage system developed on the Sunda shelf, great masses of sediments were delivered directly to the edge of the continental slope. These sediments were highly unstable, which supported the instigation of turbidity events. In this study, terrigenous grainsize and major element geochemical results of several turbidite layers in the southern South China Sea (SCS) are presented to investigate the formation of turbidite sequences in marine sediments.
Materials and methods
Core MD05-2895 (07°02.25′N, 111°33.11′E, water depth 1982 m, Figure 1 ) was collected at the base of Sunda Slope during the MD147-"Marco Polo" Cruise in September 2005 [19] . Its position is coincident with box core MD05-2894 collected during the same cruise [19] . [20] , we can conclude that the whole 15-30 m interval was deposited during the last glacial period (MIS 2-4).
Laser grain-size measurements of carbonate-free sediments were carried out on a Coulter LS-230 Laser Particle Size Analyzer at the State Key Laboratory of Marine Geology, Tongji University. The depth interval for the grain-size analyses was set to 2 cm, and a total of 709 samples were analyzed. It has previously been reported that biogenic opal in pelagic deposits may significantly influence both the siliciclastic grain-size distribution and bulk sediment XRF measurements [21] . Therefore, ten samples from different layers were measured using the molybdate blue spectrophotometric method [22] to test the opal content in the sediments. Results show that the opal contents in all ten samples are less than 2%. The presence of opal on grain-size and geochemical measurement is thus considered to have negligible influence in Core MD05-2895.
Major element geochemical analyses were performed directly on the surface of split cores at 1 cm intervals using an Avaatech XRF Core Scanner at the State Key Laboratory of Marine Geology, Tongji University. The surfaces of the core sections were covered with a 4 m thick Ultralene ® foil to avoid contamination of the XRF measurement unit and desiccation of the sediment. Measurements were performed at settings of 10 kV and 500 mA to obtain the intensities of elements from Al to Fe. Before covering with the foil, digital photos of the core sections were taken using a 3 CCD (Charge Coupled Device) line scan camera affiliated to the XRF Core Scanner.
Results

Siliciclastic grain size
Median grain size values in the "normal" marls of Core MD05-2895 are shown to vary in the range of 5-10 m. The marl sediments are dominated by clay (< 4 m) and silt (4-63 m), with the contents of each fraction varying from 40%-60% (Figure 2 ). In regard to the coarse sediment layers, the grain-size distribution of the marl sediments constitutes "background" values. The coarse sediment layers are simply denoted downwards by labels T1 to T5 (Figure 2 ). The median grain size shifts abruptly to 50-70 m at the bottom of the coarse sediment layers and then gradually decreases upward to the "background" median values, forming a typical normally-graded sequence (Figure 2 ). The sediment grain size composition in the coarse layers differs greatly from that in the marls -the clay fraction is drastically decreased to ~10% in the coarse layers, and the silt fraction is decreased slightly to 30%-40%. The sand (> 63 m) fraction in the coarse units can reach ~50%, compared with negligible amounts in the marls.
Geochemical results
The relative abundance of each element measured by the XRF Core Scanner is reported versus total counts, which is proportional to the chemical concentration of the specific element. Consideration of elements with average total counts less than 1000 are excluded to diminish errors. Owing to its conservative behavior in weathering profiles, Al is employed as a normalization parameter to assess the relative degrees of enrichment or depletion of specific elements and to eliminate dilution from carbonate and organic fractions [23] . Ratios of elements Si, K, Ti, and Fe versus Al are displayed in Figure 3 . Variations of Si/Al, K/Al, Ti/Al, and Fe/Al are observed to be closely related to changes in particle grain size. The values of these ratios increase rapidly at the bottom of the coarse sediment layers and then gradually decrease to the values expected for "normal" marls ( Figure 3 ).
Electron photomicrography results
Prior to the SEM with EDS analyses, raw samples were rinsed over a 37.5 m mesh sieve and cleaned thoroughly to eliminate any particles attached to the surface of grains. Photomicrography of the sample at 18.48 m depth (in T2) is displayed in Figure 4 . Sediments in the coarse fractions generally consist of K-feldspar, quartz, mica, tephra and a few heavy mineral grains (Figure 4(a) ). Grains of K-feldspar are moderately kaolinized (Figure 4(b) ), indicating that they have undergone severe chemical denudation. Elongated vesicles as well as fluidal textures are observed in the structure of tephra (Figure 4(c) ), implying that the sources 
Discussion
Sources of particles in the coarse sediment layers
Generally speaking, most coarse sediment grains are unlikely to reach the lower continental shelf under normal hydrodynamic conditions. However, during sea-level lowstands when estuaries extend further seaward, great masses of sediments can be transported to the lower shelf, even to the edge of continental slope. When sea-level rises again, these coarse relict sediments are left on the lower shelf [24] . The relict sediments, which are usually highly unstable, can easily be transported to the deep-sea basin by gravity currents. Two sources of terrigenous sediments are recognized for the southern SCS -the Sunda Shelf and Borneo [25] . However, during the last glacial period, terrigenous sediments at this site were mostly provided by the Sunda Shelf while sediments from Borneo were of minor importance [26] . Provided that the grains of tephra and quartz observed in the coarse fraction of Core MD05-2895 respectively have similar morphological and geochemical features with tephra derived from Sumatra [27, 28] and quartz in the relict sediments of the Sunda Shelf [29, 30] , we can assume that the coarse sediments have a common provenance with the relict sediments on the Sunda shelf, probably as a result of their redistribution.
Formation of the coarse sediment layers
Sediments transported to deep-sea basins by rivers are usually finer in grain size, whereas silty to sandy grains in marine sediments are generally considered to originate from either eolian inputs or gravity current activities. Dominated by a hot and humid tropical climate and densely covered by vegetation, negligible amounts of dust are generated on the lands adjacent to the southern SCS. Additionally, eolian input is unlikely to explain why the coarse sediment layers in Core MD05-2895 are normally graded and unconformable with underlying marls. These coarse sediment layers are therefore likely to have been formed by submarine gravity currents. Turbidity currents are one of the most common types of gravity current, the occurrence of which has great significance to the sedimentology of marginal seas. For sedimentologists, however, recognition of turbidites is usually problematic, because they are rarely fully preserved in marine sediments. In 1962, Bouma introduced a model sedimentary sequence, referred to since as a "Bouma sequence", to represent the ideal sedimentary sequence formed by turbidity currents [31] . However, complete Bouma sequences are rarely observed in marine sediments, and fragments, despite widely being applied as a criterion of turbidite sequences, are actually ambiguous in proving a formation mechanism. Some part of a Bouma sequence is also capable of being formed in other sedimentary processes [32] . Based on visual observation and petrographic description of more than 6000 m of sediment cores from all around the world ocean, Shanmugan [32] found that an overwhelming majority of turbidite sequences possess an indicative fining-upward normallygraded layering. As a result, he recommended using normallygraded coarse sediment layers as an indicator of turbidite sequences [32] . Consequently, formation of the coarse sediment layers observed in Core MD05-2895 are attributed to turbidity currents, as they fit the exact features of turbidites suggested by Shanmugan [32] .
The Sunda Shelf, which extends up to more than 800 km at its widest, is characterized by an extremely low average gradient of merely 0.03°. A less than 10 m sea-level change could probably lead to a transgression or regression of the shoreline of several tens of kilometers. Relative to the Holocene [33] , global sea-level underwent frequent and rapid changes during the last glacial period, which had a great impact on sediment supply to the southern SCS [18] . Note that all turbidity events observed in this study occurred during the last glacial, we therefore infer that the formation of the turbidite layers in Core MD05-2895 is closely related to a sea-level-induced sediment supply instability. Nevertheless, considering that sea-level changes usually occur on a decadal to centennial scale, whereas turbidity events are almost instantaneous, sea-level-induced sediment supply instabilities are unlikely to have been the direct trigger of turbidity flows. Generally speaking, deep-sea turbidity events can be triggered by some catastrophic tectonic (e.g. a volcanic eruption or earthquake) or extreme meteorological (e.g. rainstorm or typhoon) events. However, turbidity flows are more likely in an environment with an unstable, rather than stable, sediment supply, assuming that the intensity of the triggering is at the same level. Therefore, we suggest that even though instabilities in sea-level-induced sediment supply do not directly trigger turbidity events, they do increase the probability of turbidity events.
Depositional mechanism of grains in turbidity currents
Owing to the uncertainty of hydrodynamic and support mechanisms, there has long been a controversy involving how particles are deposited from turbidity currents [34] . Presently, two contradictory opinions are considered. One view, Model 1, holds that particles are deposited en masse from turbidity currents [35] [36] [37] . They suggest that as time passes, the basal part of the currents becomes denser until the buoyancy is reduced to the point where it is not sufficient to support the flow. Particles then deposit almost instantaneously out from the current [35] [36] [37] . In Model 1, the current, especially the basal part, is largely supported by grain-to-grain interaction [35] [36] [37] . A second opinion, Model 2, is that turbidity currents are mostly supported by turbulent suspension, and deposition of particles occurs grain-bygrain by progressive aggradation [38, 39] . In Model 2, depo-sition of a single particle is controlled by the counterbalance between buoyancy and gravity, and interaction between grains is considered negligible [38, 39] . As for Model 1, the whole mass of sediment grains in the basal part acts as an ensemble, and movement of a single grain is mostly decided by grain-to-grain interaction [35] [36] [37] . Grain-size distribu- tions of sequences formed by these two model processes are different from each other. Sequences formed by Model 1 generally have a sharp contact with bilateral marls, but the sediment within the sequence is badly sorted or unsorted [35] [36] [37] . In some large-scale turbidity activities, the en masse deposition may have occurred several times, forming staircase-like fining-upward sequences [35] [36] [37] . In contrast, sequences formed by Model 2 are usually well sorted, with particles forming a fining-upward normal-graded layer [38, 39] . The bottoms of the sequences formed by Model 2 contact sharply with the underlying marls, whereas the tops of the sequences are continuous with the marls [38, 39] .
To better understand the formation of a turbidite, layer T2 is broken down into its constituent parts to observe the internal variation of terrigenous grain-sizes and geochemical make-up. As seen from the digital photos, there is a clear unconformity between the bottom of T2 and the underlying sediments ( Figure 5(a) ). The median grain-size values increase rapidly to a maximum within a depth interval of only 16 cm (18.64-18.48 m), whereas it takes 58 cm (18.48-17.90 m) for the median values to decrease to the "background" values ( Figure 5(a) ). An increase of median values usually corresponds to an increase in the coarser fraction ( Figure 5(b) , VII-X), whereas a decrease of median values corresponds to an increase in the finer fraction (Figure 5(b) , II-VI). Element ratios (Si/Al, K/Al, Ti/Al and Fe/Al) generally follow the variation of median grain-size values, though more variable ( Figure 5(c) ). Si, K, Ti and Fe in the turbidite are correlated respectively to quartz, feldspar, and Ti-or Fe-bearing heavy minerals. These minerals are generally larger in grain size and denser than the clay minerals (the main source of Al in marine sediments). Therefore, the variation of Si/Al, K/Al, Ti/Al and Fe/Al values in T2 actually reflects the intensity of sorting in the turbidite. Combining the grain-size and geochemical results, we can conclude that the turbidite sequences in Core MD05-2895 are formed by the processes of Model 2 (i.e. grain-by-grain progressive aggradation).
Conclusions
In this study, the first high-resolution grain-size and geochemical results of deep-sea turbidites from the southern SCS are presented. We arrive at the following three conclusions.
(1) Five turbidite layers are observed in Core MD05-2895. In comparison to the "normal" marls in the core, the proportion of clay is drastically decreased in the turbidites, whereas the proportion of sand is greatly increased. Median grain-size values present a rapid increase and then a gradual decrease in the turbidite sequences, forming typical finingupward normally-graded sequences. Coarser grains (>37.5 m) in the turbidite are observed to be mineralogically composed of quartz, K-feldspar, Ti-and Fe-bearing heavy minerals. Corresponding to the concentration of these minerals, an increase in Si/Al, K/Al, Ti/Al and Fe/Al ratios is observed in the turbidite layers.
(2) Coarse mineral grains in Core MD05-2895 are derived mostly from the redistribution of relict sediments on the Sunda Shelf. The formation of the turbidite layers is closely related to sea-level-induced sediment supply instabilities. However, the instability of sediment supply is unlikely to be the direct trigger of turbidity flows. Rather, the influence of sediment supply instabilities on turbidity events results from the fact that turbidity events are more easily triggered if the sediment supply is unstable.
(3) The deposition of sediment particles in turbidity currents is controlled by the counterbalance between gravity and buoyancy. The interaction between grains is of minor importance to the deposition of sediments. Sorted by grain-size and density, sediment grains deposited from a turbidity current will form a fining-upward normally-graded sequence. 
